ABSTRACT With the development of satellite communication, the number of satellites in space continuously increases. However, the available spectrum resources are scarce. To address the spectrum scarcity, sharing the spectrum between different communication systems is a promising option. In this paper, a novel cognitive satellite network with geostationary earth orbit (GEO) and low earth orbit (LEO) broadband systems is studied in the downlink case. First, we present a general interference analysis model and simplify it by transforming the spatial dimension into the time dimension according to the satellite motion. Based on the interference analysis, an optimization algorithm with beamhopping and adaptive power control techniques is proposed, which can simultaneously enhance the spectral efficiency and protect the primary system. The system performance of the coexistence scenario is evaluated in terms of the system throughput. Numerical results demonstrate that the spectrum-sharing method between GEO and LEO systems is feasible, and the cognitive network can achieve a high spectral efficiency. Furthermore, the factors that affect the system in the spectral coexistence scenario are analyzed. 
system and a terrestrial system and between two satellite systems, respectively. In a hybrid network, the satellite system can be considered the primary user, whereas the terrestrial system acts as the secondary user [22] , [34] , [35] and vice versa [19] , [28] , [30] , [36] . For example, a satellite system serves as an auxiliary to connect the terrestrial base stations, where the terrestrial system and satellite uplink share the same spectrum [36] . In a dual satellite network, two satellite systems operate simultaneously over a coverage area in the same spectrum band. The cognitive radio is introduced to achieve different goals, such as spectrum utilization improvement [15] , [37] , [38] and channel availability improvement [39] , [40] .
However, most studies focused on static scenarios, where the satellites are almost Geostationary Earth Orbit (GEO) satellites. For Non-GeoStationary Orbit (NGSO) satellites, the system architecture will dynamically change. If an NGSO system coexists with another satellite system, it is very likely to produce in-line interference when the satellites and users from different systems are in alignment, which will make the systems paralyzed. The importance of finding applicable spectrum sharing possibilities between GEO and NGSO systems is rapidly increasing due to the foreseen megaconstellation concepts.
To address the challenge, [41] proposes an analytical method for assessing interference between satellite systems, and the effect of NGSO interference on the bit error rate of a GEO system is studied in [42] . The ITU presents some recommendations for spectrum sharing, including limit on equivalent power flux density, satellite diversity and alternate polarization [43] . Reference [29] proposes an adaptive power control technique for the coexistence scenario of GEO and NGSO satellites. Reference [14] points out that awareness of other systems' operational characteristics, such as frequency allocations, orbital positions, and antenna patterns, is a key for a successful coexistence between satellite systems in the same band. Moreover, it analyzes the feasibility of spectrum sharing between GEO and NGSO systems through a database approach. In practical terms, O3b and OneWeb systems operate in the Ku and Ka bands, respectively, and share part of the same frequency with the GEO satellite [2] , [44] . In addition, the OneWeb system introduces an innovative technique, i.e., progressive pitch, which avoids interference by gradually and slightly tilting the satellite as it approaches the equator to ensure that it does not cause or receive interference.
There have been some breakthroughs in the study of spectrum sharing between GEO and NGSO systems. However the studied scenarios are relatively simple with mostly one satellite, one beam and one user in one system. More research especially on dynamic sharing approaches is required. Additionally, the GEO system is always considered a primary system, whereas the NGSO system is set as a secondary system in previously studied cognitive networks. Nevertheless, there are several frequency bands which permit NGSO operations on an exclusive primary basis. Specifically, the 18. [45] .
In this paper, we propose a novel spectrum-sharing method between GEO and Low Earth Orbit (LEO) satellite systems based on beamhopping and adaptive power control techniques. The LEO satellite constellation acts as the primary system, whereas the GEO satellite serves as the secondary system. With the information sharing of satellite ephemeris between the GEO system and the LEO system, the dynamic interference can be effectively mitigated. Specifically, beamhopping and adaptive power control techniques are used at the secondary system to enhance spectral efficiency and ensure the coexistence without disruption.
The remainder of this paper is organized as follows. In Section II, the model of interference analysis is discussed. The configuration of the cognitive satellite network with GEO and LEO satellites is proposed in Section III. Section IV presents the algorithm with beamhopping and adaptive power control techniques, and numerical analysis is conducted with simulations. Section V concludes the paper. 
II. INTERFERENCE ANALYSIS MODEL
For a network with many nodes, the necessary condition that an entire network normally operates without disruption can be summarized as follows: the quality of the signal, i.e., Carrier to Interference plus Noise Ratio (CINR) 1 received by each node must exceed the threshold required for normal operation. Only under this condition can multiple nodes coexist in the network. As shown in Fig. 1 , node A at a certain position receives a signal of a certain frequency at a certain time.
The signal quality is greater than the required threshold, so node A can work normally. For node B, the signal quality is less than the threshold, so node B cannot properly work.
To make the entire network normally operate, we prefer the situation of node A and avoid that of B when we design a network. Since the signal is distributed over three dimensions (space, time and frequency), the interference can be directly avoided by the distinction of dimensions. Specifically, it can be achieved using a time slot division in the time dimension, position isolation in the space dimension and spectrum differentiation in the frequency dimension, as shown in Fig. 2 . If the interference cannot be avoided through the distinction of dimensions, the signal quality should be estimated whether the node can operate normally. As shown in Fig. 3 , many nodes use the identical frequency to simultaneously communicate. Since the distinction of dimensions cannot be achieved, the nodes interfere with each other. Nevertheless, the coexistence of multiple nodes can be achieved when the signal quality of each node satisfies the requirement. The proposed idea of node coexistence can be expressed as the corresponding mathematical model:
where T represents the duration of the network; S represents the position of all nodes; F represents all frequencies in the network;
C N +I (t, s, f ) denotes the signal quality of a node at s, which operates with frequency f at time t. The above expression indicates that the signal quality of all nodes with any frequency in the network should exceed the threshold at every moment. Only in this case can the entire network properly operate.
The satellite motion conforms to Kepler's Three Laws, and the satellite's trajectory can be equivalent to a collection of infinite positions. Therefore, if only the satellite orbit is settled, the coordinate of the satellite's position is time-dependent. The common orbital parameters in twobody motion is semimajor axis a, eccentricity e, inclination angle i, right ascension of the ascending node , argument of perigee ω and time past perigee t p . Reference [47] provides the method to compute the position vector of a satellite in the Earth-Centered Earth-Fixed (ECEF) coordinate system from the orbital parameters. Accordingly, if the satellite orbital parameters are determined, the position coordinate in motion is a function of time as shown in Equation (2) .
Then, variable s in (1) can be replaced by t. Specifically, every satellite should follow the constraint:
In addition, if all satellites in the network use the identical frequency, the constraint condition for every satellite becomes (4) . Therefore, the signal quality is only related to time, and the interference can be mitigated through management in the time dimension.
Carrier power C and noise power N in the CINR can be calculated as follows:
where EIRP represents the equivalent isotropic radiated power of the transmitter, P T represents the transmit power, G T represents the gain of the transmit antenna, G R represents the gain of the receive antenna, L f represents the free space propagation loss, T n represents the equivalent noise temperature of the receiver, B represents the transponder bandwidth, and k is Boltzmann constant. The antenna gain is related to the off-boresight angle of the transmitter or receiver in the beam direction, as shown in Fig. 4 . The off-boresight angle can be calculated through the beam direction and the position vector of the satellite and user [47] . The angle varies when the satellite moves, which results in the dynamic of the gain. Particularly, the offboresight angle of receiver θ R for the desired user is 0 because the user's antenna continues tracking the satellite. The expression to calculate the gain of the antenna is [48] :
where µ = 2.07123 sin(θ )/ sin (θ 3dB ); J 1 and J 3 are the first and third order Bessel functions, respectively; θ is the offboresight angle; θ 3dB is the angle that corresponds to the 3dB beamwidth; G 0 is the maximum antenna gain when the offboresight angle is 0, and its expression is:
where A represents the antenna area, η represents the antenna efficiency and c is the velocity of light. In addition, the free space propagation loss is a function of the distance between transmitter and receiver and it can be calculated by (9). 2
The interference signal may come from different sources with different intensity. Furthermore, the total interference power received by the terminal can be summarized as follows:
where M represents quantity of interference transmitters in the network. V m is defined as the interference factor between the m-th interference source and the terminal, and its value is 0-1. Specifically, it is related to the visibility of the two 2 The detailed calculation procedures of the aforementioned position coordinate, off-boresight angle and the distance d are listed in the Appendix.
nodes, orthogonality and bandwidth overlap between the signals. For example, if it is invisible, then V m = 0. I m represents the received interference power from the m-th transmitter, and it can be calculated by interchanging the appropriate variables in (5) . By substituting (5), (6) and (10), the CINR can be calculated as follows:
where T and R in the subscript denote the transmitter-and receiver-related variables, respectively; m in the subscript represents the m-th interference source; 0 denotes the desired signal.
III. CONFIGURATION OF THE COGNITIVE SATELLITE NETWORK
In this work, we propose a new cognitive satellite network with a GEO satellite and an LEO satellite constellation in the downlink case, as shown in Fig. 5 . The LEO system is composed of a Ka-band LEO Walker constellation, in which the satellites have similar orbits, eccentricity and inclination, so that any perturbations affect each satellite in approximately the same way and the user on the ground can be serviced by different satellite periodically [49] . Additionally it serves as the primary system. The GEO satellite acts as the secondary system, which should coordinate to avoid disrupting the incumbent LEO system. In the cognitive satellite network, it is assumed that the gateways of both systems are connected by a high-speed loss-less fiber optic connection and exchange satellite ephemeris with each other. All LEO satellites deploy multibeam payloads with frequency reuse among the beams. The user's antenna always tracks the satellite, which implies that the antenna orientation dynamically changes. The secondary GEO satellite system is supposed to use a beamhopping payload. Specifically, we consider a time window with periodical time slots; in each time slot, only a subset of beams is illuminated. The user's antenna also continues tracking the GEO satellite. Beamhopping is an available, useful and efficient technique, particularly in high throughput satellites, because of many advantages, e.g., adaptability to dynamic and non-uniform distributed traffic demand, reduced number of on-board power amplifiers and fewer gateway stations required on the ground [50] . Moreover, the most notable feature is that a single wideband carrier occupies the entire bandwidth instead of several narrowband channels that intermingle in a transponder. Thus, the back-off of the amplifier and guard interval of the bandwidth can be avoided, and both power and bandwidth efficiency are improved. In this cognitive network, beamhopping has another advantage: the bandwidth overlaps between each LEO beam and GEO beam are identical and small, reciprocal of LEO's frequency reuse factor, the GEO user suffers a relatively weak interference caused by the LEO system, and each LEO user's interfered bandwidth caused by the GEO system is identical. Since the LEO satellite moves relative to the ground, it is notably likely for the LEO satellite to fall into the line of sight between the GEO satellite and its ground terminal. Then, the in-line interference arises, and the signal quality rapidly decreases, which will make both systems paralyzed, as shown in Fig. 6 . Nevertheless, when the network serves at high latitudes, the in-line interference scarcely occurs. Even near the equator, it only sustains a short time period. In a cognitive satellite network, the gateways between LEO and GEO satellites are connected, so that the channel state information and satellite ephemeris can be shared. Therefore, one can predict when and where the interference can occur. Then the GEO satellite can mitigate the interference in the time domain by reasonably allocating beams and decreasing the transmit power of the seriously disturbing beams.
IV. COEXISTENCE SIMULATIONS A. INTERFERENCE ANALYSIS
The coverage of the GEO satellite is sufficiently large to reach one third of the earth, whereas the coverage of the LEO satellite is small and movable. A fixed area is consecutively served by LEO satellites. Therefore, when analyzing the interference between GEO and LEO systems in the downlink case, we focus on the interference in a designated region. Thus, a scenario of one GEO satellite and one LEO satellite is studied here as a representative. As shown in Fig. 7 , the red beams marked with numbers are generated by a GEO satellite, and the others are generated by an LEO satellite. The frequency reuse factor of the LEO satellite is 7, where different colors represent the different frequencies. The GEO beams remain focused, whereas the LEO beams move with the satellite motion until the LEO satellite passes through and another comes. To simplify the analysis, the simulation is performed in the region covered by GEO beams, and the simulation time is set as the duration that one LEO satellite passes through the region. There is one GEO and LEO user in each GEO beam, and both are placed at the center of the beam. The satellite orbital parameters and simulation parameters are presented in Tables 1 and 2 , respectively. The gain pattern of both GEO and LEO user's antenna is shown in Fig. 8 as a representative. First, the interference between GEO and LEO satellites with all beams illuminated is simulated using Equation (11) . Because the entire bandwidth is used in a GEO beam, each GEO user is interfered by multiple beams of LEO satellite during the simulation and vice versa for the LEO user. For the GEO system, the desired signal that is transmitted from the GEO satellite is almost unchanged, which results in a blue curve in Fig. 9 . However, the interference signal transmitted from the LEO satellite varies with the motion of the LEO satellite. Thus, the quality of the interfered signal in Fig. 9 deteriorates for a moment. For the LEO system, the desired signal transmitted from the LEO satellite periodically varies as the beams pass through one by one. Because the antenna of the LEO user always tracks the LEO satellite during the satellite passage, the interference signal transmitted from the GEO satellite varies as shown in the red curve in Fig. 10 . Because of the limited space, only one user's simulation of each satellite is shown. The signal quality of other satellites similarly varies.
B. ALGORITHM FOR BEAMHOPPING SYSTEM
Based on the above analysis, we can infer that during the passage of the LEO satellite, interference arises and affects both systems. In addition, the interference is short-lived and predictable. Moreover, the interference effects caused by different GEO beams are staggered in time. For example, No. 1 GEO beam seriously disturbs the LEO user in the middle of the simulation time, but other beams generate little interference at the same time. Therefore, if the GEO and LEO system reasonably coordinate, there is a substantial possibility for them to coexist in the downlink.
In particular, GEO users are always interfered by all beams from the LEO satellite, whereas LEO users are only interfered by the illuminated beams in each time slot. To reduce the effect on harmful interference, the beamhopping sequence of the GEO satellite should be optimally designed. First, the signal quality of the GEO users that are interfered by all LEO beams and the signal quality of LEO users that are interfered by each GEO beam is calculated based on the satellite ephemeris and (11). Let ϒ GEO,n,j indicate the SINR of the n-th GEO user in the j-th time slot, and ϒ LEO,u,i,j is the SINR of the u-th LEO user interfered by the i-th GEO beam in the j-th time slot. The variation of ϒ GEO,n,j during the simulation time is shown in Fig. 11 . The variation of ϒ LEO,u,i,j when i = 1 is shown in Fig. 12.   FIGURE 11 . SINR of the GEO users with all GEO and LEO beams illuminated.
As the secondary system, the GEO system must ensure that the interference that it causes is beyond the threshold of the LEO system. A regular time window is periodically applied for the beamhopping GEO system. In each time slot, the entire bandwidth is allocated to the illuminated beams. We consider N T to be the number of time slots in each time window, and N GB is the number of beams in the GEO system. Thus, the N T × N GB beam illumination matrix T can be written as: The beamhopping technique can mitigate the interference to some extent. However, there is inevitably harmful interference when considering fairness in the distribution among the beams. To compensate for the shortcoming, the adaptive power control technique is used. By decreasing the transmit power of the inevitably illuminated GEO beam, the constraint of the LEO system is satisfied. For convenience, the time window N T is set to be identical to the number of GEO satellite beams, which implies that only one beam is illuminated in each time slot, and every beam must be illuminated in a time window for the purpose of fairness. In this work, we consider the maximum throughput of cognitive network to be the objective. To maximize the total system throughput based on the node coexistence idea proposed in (4) and fairness among the beams, the following optimization problem is formulated:
where GEO and LEO represent the system throughput of the GEO and LEO, respectively, and ϒ LEO,u,j represents the SINR of the u-th LEO user in the j-th time slot. VOLUME 6, 2018
The expressions are described as follows:
where τ represents the bandwidth overlap of the interference signal. τ G = 0.125 for the GEO system, and τ L = 1 for the LEO system. The interpretation of some variables in (14) are presented in Table 3 . The meanings of the other variables can be deduced by interchanging the corresponding subscript. It should be pointed out that the users are covered by one GEO and LEO beam in each time slot, so there is a one-toone correspondence between the users and the beams for the desired signal. Therefore, the subscript of the beam in some variables is omitted for convenience. The system throughput is positively correlated with the signal quality. Thus, the objective function can be transferred to the maximum SINR. To simply solve the optimization problem, we propose Algorithm 1.
TABLE 3. Interpretation of some variables in (14).
In Algorithm 1, function min for a = 1 to N win do 
constraint, the worst signal quality of the LEO user must be greater than threshold. On one hand, we should select the beam and time slot that result in the maximum SINR of GEO user at first, on the other, the selected beam and time slot should let the worst LEO user exceed the threshold. If so, the corresponding beam and time slot are confirmed. If not, the beam that corresponds to the minimum SINR of the LEO user is selected, in case the user's signal quality is worse. Nevertheless, if the user's signal quality is still below threshold, the transmit power of the corresponding GEO beam should be decreased until the worst LEO user exceeds the threshold. Then, a beam and a time slot are decided, and the corresponding ϒ GEO,i,j and ϒ LEO,u,i,j should be updated. The next beam and time slot should be selected until the entire time window is completed. Then, the optimization continues until all time windows are completed. Here, ϒ th is set to be 16 dB. Fig. 13 shows the variation of the SINR during simulation, where the blue curves represent the SINR of all LEO users, and the red curve represents the SINR of the GEO users. Because of the beamhopping technique, only the illuminated GEO beam in every time slot is active. Thus, the blue curves are affected by different GEO beams, and the red curve is an assembly of SINR from different GEO users. The simulation shows that the interference is effectively mitigated. In addition, all LEO users satisfy the constraint, whereas the SINR of GEO users is notably low in a few time slots. The deterioration in the SINR of GEO users comes from the fact that the in-line interference lasts longer than the time window of beamhopping. Therefore, there are certain moments that strong interference is inevitable when only the beamhopping technique is adopted. Moreover, the deterioration caused by the interference occurs at the same time for GEO and LEO users. To protect the LEO system, the transmit power of the corresponding GEO beam should be decreased, which makes the signal quality of GEO user much worse.
When the traffic of the GEO system is delay-tolerate, the time window can be expanded to avoid the deterioration. The in-line interference can be completely avoided by illuminating the GEO beams in reasonable time slot. When the traffic of the GEO system is delay-sensitive, some promising candidates are envisaged to deal with this event: 1) Employing Adaptive Coding Modulation (ACM) technique [51] . 2) Increasing the size of the LEO user's antenna. 3) Using spread spectrum signals [52] .
C. EFFECT ON DIFFERENT CONDITION
The above simulation is performed under certain assumptions. Now, the system performance is analyzed by changing some influence factors.
First, the quantity of LEO users is considered an influence factor. As we know, with more LEO users, more constraints should be considered, which means that except for the worst user existed, there may be a much worse user. If so, the beamhopping sequence and adaptive power will accordingly make a difference. Simulations are performed by considering random distribution of multiple users around the center of the beams. The number of users in each beam is identical. Fig. 14 shows the variation of the SINR when 5 LEO users are placed in each beam. A comparison with Fig. 13 clearly shows that the SINR of the GEO users declines within a certain period of time. To analyze the detailed effect on the number of LEO users, the spectral efficiency is simulated. Fig. 15 shows the spectral efficiency of the GEO and LEO systems versus the number of LEO users in a beam. As shown in Fig. 15 , the spectral efficiency of the GEO system almost reaches the efficiency of the LEO system when there is only one user in each beam. However, when the quantity increases, interference becomes stronger, which decreases the spectral efficiency for both systems. To maintain the normal operation of the primary system, the GEO system further decreases. Nevertheless, the rate of decrease tends to be steady when quantity reaches 3.
Second, the scenarios with different GEO beam sizes are analyzed. The beam size is changed using different antenna diameters, which also makes the antenna gain change, which is unfair to compare the effect for different beam sizes. Therefore, the EIRP of each beam is set to remain steady by adaptively adjusting the transmit power for all GEO beams. Fig. 16 shows the SINR of the GEO and LEO users when the antenna diameter is 1.5 m. A comparison with Fig. 13 shows that with a wider beam, the time interval between the strong interference increases. However, the spectral efficiency of both systems is not sensitive to the beam size as shown in Fig. 17 because the strong interference sustains for short durations, and the beamhopping technique can mitigate most of the interference effect.
Finally, the scenarios at different latitudes are analyzed. Due to the smaller coverage area, each LEO satellite provides service to the area of the Earth beneath it, and compared with the GEO satellite, the beam of the LEO satellite only needs to be within a narrow range of angles relative to the nadir pointing direction. In addition, in this work the antennas of GEO and LEO users continue tracking their respective satellite. Therefore, the geometrical relationship between the satellites and users varies at different latitudes, as shown in Fig. 18 .
Through geometric analysis, we get the relationship between the off-boresight angles and latitudes: the offboresight angles of the desired transmitter θ T for both GEO and LEO systems are always smaller than the angle corresponding to 3dB beamwidth, because the users are covered by the desired satellite beam; the off-boresight angles of the desired receiver are zero, because the antennas of GEO and LEO users point their respective satellite; the off-boresight angles of the receiver from interference link θ R increase with the increase of latitude for both GEO and LEO systems.
According to the gain pattern of the user's antenna in Fig. 8 , five-degree increase reduces the gain of interference signal by 36 dB and the interference rapidly decreases with an increasing angle. Conversely, the gains related to the desired signal are almost unchanged. Therefore, the off-boresight angle of the receiver from interference link θ R plays a major role both for GEO and LEO systems. Specifically, it can be deduced that the intensity of the in-line interference decreases with increasing latitude based on (11). The location of the user in No.1 beam is defined as the latitude of the scenario in the simulation, and the other users are still distributed around it. With the increase of the latitude, the LEO satellite's position changes as well, whereas only the pointing of GEO beam changes, as shown in Fig. 18 . Fig. 19 shows the variation of the SINR when the location is at 30 • northern latitude. The LEO satellite is in the polar orbit, and move gradually from high latitudes to low latitudes during the simulation. With the motion of LEO satellite, the θ R of the interference link decreases. Thus, there is scarce interference at first due to the large θ R , and only weak interference arises at the end. Through further analysis, we find that when the scenario is at latitudes above 35 • , the system is no longer affected by the interference during the entire passage of the LEO satellite.
It can be concluded that when located at high latitudes, the users would only potentially receive the interference: (i) very low-power signals from the far-out sidelobes of the satellite that are in the main beam of the user, and (ii) maximum power signals from the satellite that appear in the far-out sidelobes of the user. Nevertheless, both of them are weak. Therefore, both systems can share the same spectrum in harmony at high latitudes. In this work, the antenna of user is set to track the corresponding satellite in view of fixed broadband service. In practice, it may be assigned as needed, and the specific value of the latitude free from interference is related to coverage area of the LEO satellite, antenna pattern and antenna pointing.
The spectral efficiency of the networks at different northern latitudes is simulated as shown in Fig. 20 . With the increase in latitude, the spectral efficiency increases. However, the increase soon saturates, particularly for the LEO satellite because of the protection mechanism for the LEO system. For the GEO satellite, the spectral efficiency slightly increases and decreases at some latitudes because the distance between the satellite and the user increases with the increase in latitude. Then, the free space propagation loss will increase. Eventually, the desired signal quality received by the users is reduced.
V. CONCLUSION
This paper presents an interference analysis model in the time dimension for the coexistence of multiple satellite systems. A new cognitive network is proposed with LEO, which operates as the primary system, and GEO, which operates as the second system. During the passage of the LEO satellite, interference arises and affects both systems. Then, an algorithm with beamhopping and adaptive power control techniques is proposed for spectrum sharing. Because of the information exchange of satellite ephemeris between GEO and LEO systems, the GEO satellite can mitigate the interference. The simulation results demonstrate that the spectral efficiency of the GEO almost reaches that of the LEO, and the LEO system is well protected. Moreover, the spectrumsharing method between GEO and LEO satellite systems can be widely used based on the analysis of the factors that affect the system performance. 
